Introduction
Several integrins have been demonstrated to bind the Arg-Gly-Asp (RGD) motif, an arginine-glycine-aspartic acid-based peptide sequence, which is typically found in a number of ECM proteins like fibronectin or vitronectin. Especially, integrins known to be highly active in tumor neoangiogenesis, such as a v b 3 and a 5 b 1 , display a high affinity to RGD. 10, 11 In this context, most approaches toward the evaluation of integrin expression in cancer imaging imply labeled RGD-based peptides. Of the possible imaging modalities especially scintigraphic techniques like positron emission tomography (PET) and single-photon emission computed tomography (SPECT) have been used for the delineation of integrin expression, and also optical imaging is very frequently used, especially in preclinical settings. In addition, nanoconstructs for magnetic resonance (MR) imaging or even for multimodal techniques have been developed. [12] [13] [14] [15] [16] First, clinical studies employing novel RGD-based scintigraphic probes focus on safety issues, comparability to standard-of-care diagnostics, and the possibility to monitor antiangiogenic therapies. Figure 1 shows the number of publications dealing with integrin imaging in different contexts in the last few decades. Interestingly, it shows stagnation or even a decline during the last 5 years. This trend could be observed for most molecular imaging topics and might display a typical example of the Gartner hype cycle. 17 It probably reflects that after a first run for the development of new tracer entities, a more thorough evaluation of the most promising compounds is presently underway, with a clear focus on future clinical applications.
During the last years, a number of comprehensive review articles have been published. 12, [18] [19] [20] This review focuses on recent advances of integrin molecular imaging for cancer diagnosis. First, clinical applications are highlighted, and experimental approaches in preclinical research and multimodal setups are also discussed.
Preclinical laboratory applications MR imaging
MR imaging of pathophysiological integrin expression was first reported in 1998. The authors analyzed syngeneic V2 carcinomas in New Zealand White rabbits and FaDu human squamous cell carcinoma xenografts in mice by using antibody-conjugated paramagnetic liposomes. Data were acquired from a human 3T MR scanner; the reported signal enhancement in rabbits was very promising (twofold for isotype-matched controls and tenfold for avidin-labeled control liposomes) and the authors speculated that in future applications the "use of Fab fragments or of peptide or small molecule ligands" may be the method of choice. 15 Since then, only few examples of molecular imaging approaches not using RGD-based peptides as the targeting vector have been described. In a report from 2008, a non-peptidic RGD mimetic probe coupled to diethylenetriamine pentaacetic acid (DTPA) as Gd-chelator is presented. This compound was able to delineate vulnerable atherosclerotic plaques in ApoE-deficient mice and was suggested for potential future use in other pathologies like cancer. 21 However, the majority of achievements among the recently published examples deal with peptidic RGD compounds. Kazmierczak et al 22 present an MR relaxometry study with an RGD-peptide-decorated ultrasmall superparamagnetic iron oxide nanoparticle (USPIO) to monitor bevacizumab therapy of breast cancer xenografts (MDA-MB 231) in nude mice. They found a significantly reduced DR2 value in the therapy group, indicating that RGD-USPIO magnetic resonance imaging (MRI) may be applicable for the in vivo monitoring of early antiangiogenic
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Integrin imaging in oncology therapy effects in cancer stratification. 22 Recent literature describes (nano)constructs that are designed to serve more than one imaging modality or target more than one molecular structure. Xin et al synthesized a single-domain antibody Gd-DTPA construct targeting the epidermal growth factor receptor fused with an RGD peptide and imaged BGC823 tumor xenografts in mice. 23 Li et al developed a synthetic dendrimer nanoprobe decorated with RGD peptides, a Gd-chelator for MR imaging, and a fluorescent dye for optical imaging and employed the probe for the visualization of liver fibrosis in thioacetamide-treated mice. A significant enhancement of MR signal could be observed in fibrotic tissue at 24 h postinjection and fluorescent imaging of hepatic sections showed good colocalization of the probe with b 3 integrin (CD61), a-SMA, and CD31 on vascular structures. 24 Elaborate synthetic work has been put into the fabrication of dedicated gold nanoparticles (AuNPs), since these possess unique physical and chemical properties, making them ideal tools for a variety of biomedical applications. 25 For example, their use in computer tomography has been reported. 26 Chen et al reported the synthesis of dendrimer-coated AuNPs decorated with RGD peptides and Gd-chelators for computed tomography (CT) and MR imaging applications. 27 Human U87MG glioblastoma cells showed good tolerance up to 100 µM AuNPs and competition studies with free RGD peptide and receptor-negative cells proved specificity. In vivo, the probe enabled targeted dual-modality CT/MR imaging of a U87MG xenograft tumor model. Recent effort has also shown the potential of AuNPs as radiosensitizers in tumor therapy. Yang et al developed a number of differently sized particles and targeted them to a v b 3 integrin-expressing tumor xenografts in mice by conjugating RGD peptides to the surface. Additional functional modifications enabled 99m Tc-and Gd-labeling, and thus SPECT-and MR-based imaging. 28 So far, clinical applications of integrintargeted MR imaging for cancer diagnosis have not been reported. This is because the clinical use of nanoparticles is considered rather skeptical and numerous challenges have to be faced to introduce new nanoparticle-based compounds to the market and into routine clinical practice. 29 However, novel functional MR imaging methods serve as a valuable tool for the evaluation of antiangiogenic therapy effects on tumor blood volume, vascularization, and vessel size. 30, 31 Scintigraphic imaging Several reviews have been published in the last few years focusing on RGD-based strategies to target a v b 3 integrin in radionuclide-based tumor imaging. Tracer development for SPECT and PET mainly yielded various derivatives of RGD peptides to optimize their biological characteristics, including affinity, targeting efficacy, and pharmacokinetics. 20, 32, 33 Also, special compounds like multivalent RGDbased PET tracers or multimodality probes and labeling with a number of diagnostic or therapeutic nuclides show that a v b 3 is in fact one of the best evaluated diagnostic targets in molecular imaging. 34 One impressive example is an approach combining targeted alpha particle therapy with Cerenkov luminescence imaging (CLI) using the theranostic probe [ 225 Ac]DOTA-c(RGDyK). In vivo biodistribution studies confirmed the ability of the compound to target a v b 3 integrin with high specificity. Also, results confirm that CLI with certain a-emitting radiopharmaceuticals is possible in live animals for the evaluation of tracer distribution. 35 Until now, the most promising SPECT tracer seems to be [ 99m Tc]3PRGD2, which is extensively used in tumor imaging studies and is well evaluated by different groups with a clear clinical perspective (see Clinical applications). 36 Nowadays, one main focus of investigations lies on the biodistribution of compounds, and a study by Yan et al demonstrated that [ 99m Tc]3PRGD2 is predominantly renally excreted but only rarely hepatobiliary. 37 The high activity in the kidneys could make it difficult to detect metastases within or close to these organs, as reported by [ 18 F]FDG imaging. 38 An expected improvement by trimerization of the peptide ([ 99m Tc]4PRGD3) showed almost identical tumor uptake and similar biodistribution patterns, but with better metabolic stability compared to [ 99m Tc]3PRGD2. 39 Guo et al developed a simultaneous dual-isotope SPECT/ CT imaging method to assist diagnosis of hepatic tumor and liver fibrosis. Achieving sufficiently low background, it was possible to use the radioiodinated liver-specific probe [ 131 I]NGA for liver function and [ 99m Tc]3PRGD2 for tumor lesions and fibrotic liver tissues in one measurement with a clear discrimination as shown in Figure 2 . 40 PET radiopharmaceuticals for imaging integrin expression were extensively reviewed by Haubner and Liu. 12, 19 First clinical studies described in the second part of this review already show very promising results. A strategy to improve tracer kinetics is the utilization of homodimeric or -trimeric RGD-based compounds, thereby enhancing the local RGD concentration and hence the target affinity. This concept was introduced by Maheshwari in 2000 concerning RGD ligand clustering approaches in vitro. 41 The translation of this strategy toward imaging applications has been described by Tumshirn and Kessler in 2003. 42 During the last 2 years, some modifications in the molecular architecture of the RGDbased tracers have been described. One evaluated compound Reports in Medical Imaging downloaded from https://www.dovepress.com/ by 54.70.40.11 on 18-Jan-2020 For personal use only.
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Höltke and Faust is the symmetric, homodimeric peptide PEG2-b-Glu-RGD2, labeled with fluorine-18 via conjugation with 4-nitrophenyl-2-18 F-fluoropropionate. Hu et al found a high tumor uptake and good tumor-to-background contrast in murine PC-3, A549, and C6 tumor models. 43 However, the compound did not show any improvement compared to a similar, established tracer ([ 18 F]FPPRGD2, see Clinical applications) concerning metabolic behavior or background signal. 43 This study shows that minor structural modifications can easily be applied to successful compounds, yielding similar imaging results but no improvement or progress in the field.
One novel peptidic tracer was introduced by He et al based on tumstatin (T7 and T7-6H), an antiangiogenic and proapoptotic peptide fragment from collagen IV, which binds integrin a v b 3 independent from an RGD sequence. They labeled the peptide T7 and its derivative T7-6H with 99m Tc and evaluated their biological distribution in vivo in a subcutaneous NCI-H157 lung cancer model, which again yielded reasonable tumor-to-background ratios in SPECT experiments. Unfortunately, they neither identified the precise binding mode of the radiometal, nor did they show any animal images; so it is hard to compare the potency of the method with the existing SPECT tracers. 44 The fibronectin receptor, integrin a 5 b 1 , has also been the subject of a number of recent studies and might become a promising prognostic biomarker for cancer patients. Jin et al functionalized an a 5 b 1 -specific fibronectin-mimetic peptide and radiolabeled it with fluorine-18 based on the chelation of 18 F-aluminum fluoride. 45 Imaging and biodistribution studies suggested higher uptake of the tracer in a 5 b 1 -positive than in a 5 b 1 -negative tumors. Notni et al 46 recently introduced [ 68 Ga] aquibeprin, a multimeric RGD mimetic, as an a 5 b 1 -specific PET-imaging probe. Together with the RGD peptide-based [ 68 Ga]avebetrin, it constitutes a perfectly matched pair of a 5 b 1 /a v b 3 integrin ligands for in vivo quantification of the different expression patterns of these target structures. 46 Furthermore, they hypothesize that high uptake in small tissue compartments requires radiopharmaceuticals possessing both high target affinity and high specific activity as a key for molecular imaging and effective radionuclide therapy of small-sized tumor lesions, such as micrometastases. 47 
Optical imaging
Optical imaging developments targeting integrins produced a huge variety of imaging probes during the last decade. Ye and Chen published an extensive review in 2011. 16 Since then, one main focus was to enforce the optical probes to human application. Besides optimization of pharmacokinetic behavior by changing the structural properties of dyes, different hybrid techniques were developed for intraoperative identification of tumor lesions in image-guided surgery. One example is the intraoperative delineation of microfoci of hepatocellular carcinoma with RGD-conjugated mesoporous silica nanoparticles loaded with indocyanine green that could accurately visualize liver lesions and provide high tumor-to-muscle contrast. 48 
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Integrin imaging in oncology demonstrated that no obvious toxicity was found for mice treated with the compound for 2 weeks. 49 Another interesting RGD-based approach was introduced by Yao et al. It is known that lysophosphatidic acid (LPA) is an effective biomarker for early stage ovarian carcinoma (cutoff values ≥1.5 µM). 50 For early diagnosis, the authors combined a near-infrared (NIR) fluorescent probe, that can selectively respond to LPA based on polarity-sensitive emission, with two RGD units targeting the a v b 3 integrin receptor. The probe has high biocompatibility and pH stability and its NIR turn-on fluorescence can be used to effectively monitor LPA imaging in a SKOV-3 tumor-bearing mouse model ( Figure 3 ). 51 Also, novel peptidomimetic optical probes were successfully developed. Alsibai et al introduced a non-peptidic fluorescent tracer with high affinity to a v b 3 integrin and high selectivity with respect to platelet fibrinogen receptor a IIb b 3 . In vivo experiments with murine xenograft models of high a v b 3 integrin expression showed a clear accumulation in the tumor region with very good tumor-to-muscle contrast. 52 For deep tissue vasculature imaging in angiogenesis, RGD-labeled probes can also be excited via two-photon absorption for the enhancement of tissue image quality. Yue et al synthesized RGD conjugates with new NIR-emitting pyranyl fluorophore derivatives enabling two-photon fluorescence microscopy. Detection of fluorescence emission was observed as deep as 350 µm, with good resolution of tumor vasculature. 53 In terms of imaging depth and resolution, photoacoustic imaging becomes more appealing. Very recently, Zhang et al reported photoacoustic molecular imaging of integrin a v b 6 -positive xenografts. The Atto740-labeled cysteine knot peptide probe A740-R01 enabled imaging of integrin a v b 6 -positive tumors by both photoacoustic and fluorescence imaging and showed a good tumor uptake. 54 Since most of the RGD-based imaging probes yield reasonable tumorto-background ratios with a clear demarcation of tumor tissue, a combination with therapeutic approaches seems conceivable. One recent example by Luan et al demonstrates that a phthalocyanine-conjugated RGD peptide exhibits significantly high cellular uptake in a v b 3 -positive DU145 prostate cancer cells along with efficient photocytotoxicity after irradiation with NIR light (photodynamic therapy). 55 Due to extensive knowledge about RGD-based probes and integrin expression in preclinical animal models, the RGD motif has also been used as a tool for improving fluorescent probes. To reduce the dye-related background signal, Choi et al developed new NIR dyes for optimized optical imaging. 56 The new zwitterionic dye ZW800-1 was conjugated to cyclic RGD and tested in different murine tumor models and showed a clear improvement of the signal-to-background ratio. Also, recently, Bunschoten et al extensively tested different new dyes on a hybrid RGD tracer for optical and PET or SPECT imaging and got comparable results. 57
Ultrasound (US) imaging
US is a noninvasive and inexpensive imaging methodology and can be used to examine preclinical models of tumor angiogenesis very easily. In addition, Doppler US can be used to estimate blood flow and blood volume and contrastenhanced ultrasound (CEUS) employing microbubbles can provide additional information about tumor vascularity. Microbubbles labeled with agents that bind to angiogenic markers such as a v b 3 are useful tools for the molecular imaging of tumor angiogenesis. Targeting of microbubbles can be accomplished by conjugation of ligands, antibodies, or peptides to the microbubble surface. Targeted US imaging 8 
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Höltke and Faust of integrin a v b 3 for the evaluation of tumor angiogenesis has been successfully demonstrated by Ellegala et al. 58 Rats with orthotopically implanted U87MG human glioma tumors were imaged with CEUS using microbubbles coated with echistatin, an RGD-based disintegrin from the viper Echis carinatus. 59 The highest signal was observed after 4 weeks of tumor growth at the margin of the lesions where integrin expression was enhanced as confirmed by immunohistochemistry. Recently, Hu et al showed that RGD-coated microbubbles can be used to delineate a v b 3 integrin expression in a murine model of tumor angiogenesis.
The authors labeled microbubbles with RGD peptides via biotin-avidin conjugation to quantify dynamic changes in a v b 3 integrin expression at different stages of tumor growth in human laryngeal carcinoma xenografts. Interestingly, the intensities of the targeted CEUS signals decreased as tumor size increased (Figure 4 ). The authors argue that the secretion of pro-angiogenic growth factors and proteolytic enzymes in early fast growing tumors highly upregulates both sprouting and intussusceptive angiogenesis, while in larger stabilized tumors intussusceptive angiogenesis predominates. 60 All molecular imaging modalities used for the presented examinations have both advantages and disadvantages.
Since there are already dedicated imaging devices for small animals covering the whole modality portfolio, there has to be a substantial initial investment. MRI technology is by far the most expensive equipment acquisition, followed by PET, SPECT, and CT devices. Albeit, one has to keep in mind that the latter techniques demand diverse radiation protection measures, which are also costly. In comparison, US and optical imaging devices are rather inexpensive and do not entail costly safety measures. More details about advantages and disadvantages of the different modalities are summarized in Table 1 ; a summary of compounds and constructs used in diverse preclinical imaging approaches in recent years can be found in Figure 5 .
Clinical applications
In recent years, a number of integrin-targeted probes have been applied for initial human studies. All of them are RGDbased constructs and many are focusing oncological issues. A short summary is listed in Table 2 .
The first integrin-targeting scintigraphic tracer used in clinical studies was a 99m Tc-labeled synthetic RGD peptide, which was used for the visualization of metastatic melanoma. Pandya et al 35 Jin et al 45 
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Höltke and Faust sites in a cohort of 14 patients with a number of differently localized metastases. 61 Haubner et al introduced [ 18 F]galacto-RGD as an integrin-targeting PET tracer with improved pharmacokinetic properties and presented first data from eight cancer patients with metastatic melanoma and sarcoma. Their study revealed high interindividual and intraindividual variances in tracer accumulation in the different lesions, indicating profound heterogeneity in target expression. Also, in some lesions, no [ 18 F]galacto-RGD signal indicated a v b 3 expression, although [ 18 F]FDG uptake in tumor cells was detected. 62 This was confirmed in a later study with 18 patients with metastatic Reports in Medical Imaging downloaded from https://www.dovepress.com/ by 54.70.40.11 on 18-Jan-2020 For personal use only.
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lesions, suggesting that a v b 3 expression and tumor viability are not closely linked in malignant tumors ( Figure 6 ). 63 In a later study with patients suffering from metastatic prostate cancer (n=12), Beer et al discovered that [ 18 F] galacto-RGD uptake in bone metastases was also very heterogeneous with high intra-and inter-patient variability, suggesting highly varying differences in target expression in the examined lesions. They concluded that [ 18 F]galacto-RGD is therefore inferior to conventional bone scintigraphy, at least in the selected patient cohorts. 64 A number of other tracers for especially PET imaging of a v b 3 expression have since been used in first clinical applications (Figure 7) , including 18 [ 18 F]Fluciclatide is a cyclic RGD-based peptide with two small polyethylene glycol modifiers for the improvement of pharmacokinetic properties. It was first described by Indrevoll et al in 2006. 70 In 2008, a phase I clinical trial in seven patients with metastatic breast cancer proved the safety of the compound, its metabolic stability, and the retention of radioactivity in all anatomical lesions. 38 Recently, Mena et al 71 showed that melanoma and renal cell carcinoma can be very well visualized by this PET agent (Figure 8 ). They evaluated 18 patients with solid tumors ≥2.0 cm. Additionally, all patients underwent surgery and tumor tissue immunohistochemical (IHC) analysis for a v b 3 and a v b 5 integrins showed a rather moderate correlation between PET/CT and IHC with r values between 0.40 and 0.63. 71 The test-retest reproducibility of [ 18 F]fluciclatide imaging of solid tumors, including breast and colorectal cancer lesions, was investigated in a multicenter study on 39 lesions from 26 patients. A well tolerable repeatability was described, but it was also emphasized that not all tumors could be visualized on [ 18 F]fluciclatide PET scans compared with standard-of-care imaging. 72 Very recently, Kim et al 68 presented a study with [ 68 Ga]NOTA-RGD, in which they looked for the comparability of PET/CT with dynamic contrast-enhanced (DCE) MRI in 44 breast cancer patients. The patients were prospectively enrolled and underwent [ 68 Ga]NOTA-RGD PET/CT and DCE-MRI imaging before neoadjuvant chemotherapy and surgery. Ten patients experienced recurrent disease after a median time of 1.5 years. The authors found that pretreatment [ 68 Ga]NOTA-RGD PET/CT as well as DCE-MRI offered significant prognostic values for the prediction of disease free survival in these patients. Among the studied parameters, regional maximum standardized uptake values (SUV max ) values showed significance, and it had a complementary value with the enhancement index (EImax) from DCE-MRI. The authors therefore concluded that [ 68 Ga]NOTA-RGD PET/ CT provided additional value compared with conventional DCE-MRI parameters. 68 Already as in 2003, Thumshirn et al showed that by using constructs containing multimeric RGD 75 Novel and faster synthetic procedures applied chelation chemistry and allowed radiotracer preparation without the need of high-performance liquid chromatography purification. These resulted in the development of 68 Ga-labeled multimeric RGD derivatives, for example, [ 68 Ga]NOTA-PRGD2, 69 and, especially, of 18 F-fluoride-aluminum complexes for the labeling of peptides. 76 
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Conclusion
The concept of imaging integrin expression in the angiogenic context of tumor progression came into focus a number of years ago. First attempts used antibodies targeted at diverse integrins, but soon RGD-based peptides replaced these antibodies and the main interest focused on integrin a v b 3 . All the probes applied in human investigations are RGDbased peptides labeled with radionuclides for PET or SPECT imaging. They are rather small (<3 kD) and therefore rapidly distributed and excreted, which is an advantage for this kind of imaging. In addition, a large number of nanoconstructs have been designed and developed, mainly for multimodal approaches (eg, MR and optical imaging) and thus are dedicated only to preclinical settings. The clinical translation of such probes, however, is limited by mendable pharmacokinetic behavior and unclear long-term toxicity.
